Polymer dissolution in solvents is an important area of interest in polymer science and engineering because of its many applications in industry such as microlithography, membrane science, plastics recycling, and drug delivery. Unlike nonpolymeric materials, polymers do not dissolve instantaneously, and the dissolution is controlled by either the disentanglement of the polymer chains or by the diffusion of the chains through a boundary layer adjacent to the polymer-solvent interface. This review provides a general overview of several aspects of the dissolution of amorphous polymers and is divided into four sections which highlight (1) experimentally observed dissolution phenomena and mechanisms reported to this date, (2) solubility behavior of polymers and their solvents, (3) models used to interpret and understand polymer dissolution, and (4) techniques used to characterize the dissolution process. q
Introduction
Polymer dissolution plays a key role in many industrial applications in a variety of areas, and an understanding of the dissolution process allows for the optimization of design and processing conditions, as well as selection of a suitable solvent. For example, microlithography is a process used to fabricate microchips. Generally, this process consists of five steps [1] . First, a photosensitive polymer or photoresist solution is spin coated onto a substrate surface, usually silicon or gallium arsenide, where it forms a very thin film. Second, a mask with the desired pattern is placed over the polymer, and then the resist is exposed to electromagnetic irradiation. The type of radiation chosen depends on the polymer system and produces the desired physical and/or chemical changes in the polymer resist. If the exposed portions of the polymer film degrade and become more soluble, a positive resist is formed. However, if the exposed polymer regions are crosslinked, rendering these resists less soluble in the developer solvent, a negative resist is formed. Next, the pattern formed by the radiation on the resist is developed by treatment with solvents that remove either the irradiated (positive resist) or the non-irradiated regions (negative resists). The resulting polymeric image of the mask pattern is then transferred directly onto the substrate by wet or plasma etching. Once the desired pattern is on the substrate, the remaining polymer resist is stripped off the substrate. spin -spin relaxation circuits. Therefore, minimal swelling and no cracking are desired. Other important features for a polymer to be useful in these applications are good adhesion to the substrate material, high photosensitivity, high contrast, chemical and physical resistance against the etchant, and easy stripping off the substrate [1] . It is worthy to note another electronic application where polymer dissolution is important is within the semiconductor industry. Because of their non-swelling nature, aqueous-base developability, and etching resistance, novolak dissolution has become an important process in these applications.
Another example where polymer dissolution becomes important is in membrane science, specifically for a technique, called phase inversion, to form asymmetric membranes. In this process, a polymer solution thin film is cast onto a suitable substrate followed by immersion in a coagulation bath (quench step) [2 -5] where solvent/non-solvent exchange and eventual polymer precipitation occur. The final structure of the membrane is determined by the extent of polymer dissolution. Membranes used for microfiltration can be made by exposing a uniform film of crystallizable polymer to an alpha particle beam, causing it to become porous, and the crystalline structure is disrupted. The film is then chemically treated with an etchant, and nearly cylindrical pores are produced with a uniform radius. Another way to produce a microfiltration membrane is to cast films from pairs of compatible, non-complexing polymers. When the films are exposed to a solvent which only dissolves one of the polymers, interconnected microvoids are left behind in the other polymer.
Polymer dissolution also plays an instrumental role in recycling plastics. A single solvent can be used to dissolve several unsorted polymers at different temperatures [6 -8] . This process involves starting with a physical mixture of different polymers, usually packaging materials, followed by dissolution of one of the polymers in the solvent at a low temperature. This yields both a solid phase containing polymers which are insoluble in the solvent (at the initial temperature) and a solution phase. The solution phase containing the polymer which dissolved at the low temperature is then drained to separate parts of the system, eventually vaporizing the solvent, leaving behind pure polymer. The solvent is then sent back to the remaining solid phase where it is heated to a higher temperature, another polymer dissolves, and the process is repeated. Several of these cycles are performed at increasing temperatures until almost all pure, separate polymers are obtained [2] .
Within the field of controlled drug delivery and time-released applications, knowledge of polymer dissolution behavior can be vital. An ideal drug delivery system is one which provides the drug only when and where it is needed, and in the minimum dose level required to elicit the desired therapeutic effects [9] . Within these systems a solute/drug is dispersed within a polymer matrix. When the system is introduced to a good solvent for the polymer, swelling occurs allowing increased mobility of the solute, and it diffuses out of the polymer into the surrounding fluid. Such a system should provide a programmable concentration -time profile that produces optimum therapeutic responses. Recent developments in polymeric delivery systems for the controlled release of therapeutic agents has demonstrated that these systems not only can improve drug stability both in vitro and in vivo by protecting unstable drugs from harmful conditions in the body, but also can increase residence time at the application site and enhance the activity duration of short half-life drugs. Therefore, compounds which otherwise would have to be discarded due to stability and bioavailability problems may be rendered useful through a proper choice of polymeric delivery system [9] .
Polymer dissolution is also being currently investigated for tissue regeneration [10, 11] . Many strategies in this field depend on the manipulation of polymers which are suitable substrates for cell culture and implantation. Using computer-aided design and manufacturing methods, researchers will shape polymers into intricate scaffolding beds that mimic the structure of specific tissues and even organs. The scaffolds will be treated with compounds that help cells adhere and multiply, then 'seeded' with cells. As the cells divide and assemble, the polymer dissolves away. The new tissue or organ is then implanted into the patient. During the past several years, human skin grown on polymer substrates has been grafted onto burn patients and foot ulcers of diabetic patients, with some success. Structural tissues, ranging from urethral tubes to breast tissue, can be fabricated according to the same principle. After mastectomy, cells that are grown on biodegradable polymers would be able to provide a completely natural replacement for the breast. Degradable polymers may be useful in orthopedic applications because they circumvent the problems of a persistent foreign body and the need for implant retrieval [11] . However, most of these polymers are not mechanically strong enough to be used for load bearing applications.
As one can see, polymer dissolution proves to be very important to several applications such as microlithography, membrane science, plastics recycling, and drug delivery. Newer applications such as tissue engineering are also of current investigation. A thorough understanding of the polymer dissolution process and mechanism enables improvement and optimization of fabrication conditions and desired final physical properties.
Polymer dissolution behavior
Polymer dissolution has been of interest for some time and some general behaviors have been characterized and understood throughout the years. The dissolution of non-polymeric materials is different from polymers because they dissolve instantaneously, and the dissolution process is generally controlled by the external mass transfer resistance through a liquid layer adjacent to the solid -liquid interface. However, the situation is quite diverse for polymers. The dissolution of a polymer into a solvent involves two transport processes, namely solvent diffusion and chain disentanglement. When an uncrosslinked, amorphous, glassy polymer is in contact with a thermodynamically compatible solvent, the solvent will diffuse into the polymer (Fig. 1) . Due to plasticization of the polymer by the solvent, a gel-like swollen layer is formed along with two separate interfaces, one between the glassy polymer and gel layer and the other between the gel layer and the solvent. After time has passed, an induction time, the polymer dissolves. However, there also exist cases where a polymer cracks and no gel layer is formed.
The following section summarizes important results of various experimental studies that have contributed to the understanding of polymer dissolution mechanisms and behavior of amorphous glassy systems, but some crosslinked systems are discussed.
Surface layer formation and mechanisms of dissolution
One of the earliest contributors to the study of polymer dissolution was Ueberreiter [12] who outlined the surface layer formation process. First, the solvent begins its aggression by pushing the swollen polymer substance into the solvent, and, as time progresses, a more dilute upper layer is pushed in the direction of the solvent stream. Further penetration of the solvent into the solid polymer increases the swollen surface layer until, at the end of the swelling time, a quasistationary state is reached where the transport of the macromolecules from the surface into the solution prevents a further increase of the layer.
Ueberreiter went on to summarize the structure of the surface layers of glassy polymers during dissolution from the pure polymer to the pure solvent as follows: the infiltration layer, the solid swollen layer, the gel layer, and the liquid layer (Fig. 2) . The infiltration layer is the first layer adjacent to the pure polymer. A polymer in the glassy state contains free volume in the form of a number of channels and holes of molecular dimensions, and the first penetrating solvent molecules fill these empty spaces and start the diffusion process without any necessity for creating new holes. The next layer is the solid swollen layer where the polymer -solvent system building up in this layer is still in the glassy state. Next, the solid swollen layer is followed by the gel layer, which contains swollen polymer material in a rubber-like state, and a liquid layer, which surrounds every solid in a streaming liquid, respectively.
Two types/mechanisms of dissolution were proposed. With the first type of dissolution, termed 'normal dissolution', all the layers described above are formed. The second type of dissolution occurs when no gel layer is observed. In a study by Asmussen and Raptis [13] , poly(methyl methacrylate) (PMMA) was dissolved in several solvents and showed the normal dissolution process beginning at the glass transition temperature. By decreasing the experimental temperature, a steady decrease in the gel layer thickness could be seen until finally a temperature was reached where this part of the total surface layer was so thin that it was no longer visible. Below this temperature, cracks were observed running into the polymer matrix, and these cracks coalesced and caused small blocks of the polymer to leave the surface in a kind of eruption process. The reason for the cracking mechanism was proposed to be the freezing-in of large amounts of stress energy in the polymer in the glass transition interval. The gel temperature (where the transition from normal dissolution to cracking) was formally defined as the temperature at which the gel layer disappeared. Conversely with other experiments with polystyrene (PS), Ueberreiter and Asmussen observed that PS underwent normal dissolution in most solvents owing to its low gel temperature [14] .
Krasicky et al. [15, 16] monitored the transition layer during the dissolution process and found that it increases with the molecular weight of the polymer. Also, when PMMA dissolved in methyl ethyl ketone (MEK), the transition layer was not detectable below a polymer number average molecular weight, M N ; of about 30 000. They concluded that the rate of the dissolution process is governed primarily by what is happening near the interface with the solid polymer, rather than by what is happening elsewhere in the transition layer.
Pekcan et al. [17] monitored the dissolution of annealed high-T g latex films in real time. They defined three stages of dissolution for these films. In the first stage, swelling dominates and the gel layer thickness increases with time. This stage occurs within the first 60-100 s, depending on the annealing time of the film. At a later time, during stage two, there is a time period where the gel layer thickness remains constant due to swelling and dissolution. Finally, in the last stage, the gel layer thickness decreases with time due to desorption of polymer chains.
Effect of polymer molecular weight and polydispersity
In Ueberreiter's early research in polymer dissolution, several aspects were investigated, one of which was the polymer molecular weight effect on the dissolution [12] . It was found that the dissolution rate decreases with increased polymer molecular weight. Cooper et al. [18] also studied the effects of molecular weight on the dissolution rates of thin PMMA films, and found that dissolution results in a non-linear behavior when the log dissolution rate was plotted against the log M N : Also, Manjkow et al. [19] discovered that dissolution not only can be affected by the polymer molecular weight, but also by its polydispersity. They found that polydisperse samples dissolved about twice as fast as monodisperse ones of the same M N :
Papanu et al. [20] observed that the dissolution rate of PMMA with methyl isobutyl ketone (MIBK) is inversely proportional to the polymer molecular weight up to a molecular weight of 100 000 and then the rate levels off at higher molecular weights. Below this critical molecular weight, dissolution occurred by stress cracking, therefore, it was proposed that the critical stress for crazing was dependent on molecular weight of the polymer. In addition, the thickness of the gel layer was monitored for the ketone dissolutions, and when MIBK was used, a swollen surface layer formed during an initial induction period, and the thickness of the layer increased with polymer molecular weight. However, no swollen layer was seen below a polymer molecular weight of 10 5 g/mol, which again indicated stress cracking. Later, the effect of polymer molecular weight on methanol (MeOH) penetration rates was investigated with monodisperse PMMA (21 -27 8C), and a minimum rate occurred at an intermediate polymer molecular weight [21] .
In another study, Parsonage et al. [22] concluded that the dissolution is controlled by chain disentanglement, which is a function of polymer molecular weight. Larger molecular weights yield higher levels of disentanglement. Therefore, these molecular weights have a higher degree of swelling before dissolution occurs.
Pekcan and co-workers [23, 24] later researched the molecular weight and thickness effects on latex dissolution. They reported an inverse relationship between polymer desorption and weight average molecular weight, M W : Also, thicker and opaque films dissolve much faster than the thinner and transparent films. This phenomenon is related to the pores and cracks created in thicker films during annealing. These imperfections increase the surface area in films against solvent molecules and as a result thicker films dissolved faster.
Effect of polymer structure, composition and conformation
Besides the molecular weight of the polymer, the dissolution process can also be affected by the chain chemistry, composition and stereochemistry. Ouano and Carothers [25] studied in situ dissolution dynamics of PS, poly(a-methyl styrene) (PAMS), and two tactic forms of PMMA. Similar to Ueberreiter's observations [12] , they found that PS developed a thick swollen layer while PMMA cracked when exposed to the same solvent, MEK. They accounted for the differences in dissolution behavior to both the mass and momentum transports in the swelling polymer matrix. Thus, the polymer dissolves either by exhibiting a thick swollen layer or by undergoing extensive cracking, depending on how fast the osmotic pressure stress that builds up in the polymer matrix is relieved. Therefore, the nature of the polymers and differences in free volume and segmental stiffness are responsible for behavior variations from polymer to polymer. They also found that the dissolution behavior is profoundly affected by the tacticity of the polymer. Large cracks formed when atactic PMMA was dissolved in MIBK, but no cracks were seen in isotactic PMMA with the same solvent. This behavior correlates with the glass transition temperature ðT g Þ and the same phenomenon occurring as discussed above. Gipstein et al. [26] also observed variations of dissolution behavior with stereochemistry in that the solubility rate of isotactic PMMA is much greater than that for the syndiotactic and heterotactic stereoforms.
Groele and Rodriguez [27] investigated the effect of polymer composition on the dissolution rate. They studied homopolymer of methyl methacrylate (MMA), ethyl methacrylate (EMA), n-butyl methacrylate (BMA) as well as copolymers of MMA with EMA and BMA. The polymer dissolution rate in MIBK at 30 8C varied from 0.042 mm/min (PMMA) to more than 150 mm/min (PBMA), showing that copolymers of MMA with EMA and BMA dissolve more rapidly than PMMA. They proposed that these observations were due to the thermodynamic compatibility of the copolymers with MIBK and the T g of the copolymers. Reinhardt et al. [28] also studied the dissolution of a PMMA copolymer, poly(methyl methacrylate-comethacrylic acid). These particular copolymers are interesting because at moderate baking temperatures, they undergo an intramolecular cyclization producing terpolymers containing anhydride moieties. Therefore, the dissolution behavior is changed and ketone solubilities are enhanced. The copolymer was tested with MEK and mixtures of ethyl glycol (EG). The findings were in agreement with a relaxation-controlled dissolution behavior, especially for the anhydride-containing terpolymer. No residual layers or pronounced induction times indicative of formation of a gel layer was observed, but a normal dissolution process with a very small gel layer was suggested. Within the prebaking temperature range from 130 to 230 8C, the dissolution rates for both MEK and MEK/ EG rose continuously, and the rates also increased when samples were exposed to prolonged baking times, reflecting the changes in polymer composition during thermal annealing in the solid layer.
Effects of different solvents and additives
The type of penetrating solvent can also have a profound affect on polymer dissolution. Ouano and Carothers [25] studied the dissolution of PMMA in several solvents including tetrahydrofuran (THF), methyl acetate (MA), and MIBK. Crack initiation occurred quicker with the smaller, better solvents MA and THF than with the more bulky and poorer solvent, MIBK, because of higher diffusion rates and swelling power of these solvent molecules. They concluded that if the 'internal pressure' builds up faster than the glassy matrix can relax through gradual swelling, catastrophic fracture results. Also, they pointed out that polymer morphology at the molecular level has a strong influence on the kinematics of dissolution.
Ouano [29] investigated the effect of residual solvent content on the dissolution kinetics of polymers. In this study, the dissolution rate of PMMA, cresol-formaldehyde resin (novolac), and a mixture of novolac resin and adiazo-photoactive compound (PAC) showed interesting results. First, a few percent change in the solvent content meant several orders of magnitude change in solubility rate. Therefore, the dependence of the dissolution rate on the residual solvent content is very strong, and the dissolution rate-solvent content relationship can be interpreted in terms of the free volume theory. Second, addition of the PAC to the novolac resin decreased the residual solvent content of the resists at any prebaking temperature. For example, at 85 8C prebake, pure resin contained ca. 14% solvent, while the resist or the resist analog contained only ca. 9 .5% by weight. Lastly, a very rapid drying of PMMA at 160 8C resulted in very fast dissolution rate. This rapid evolution of the solvent leaves 'extra free volume' and strain in the PMMA.
Cooper et al. [30] investigated PMMA dissolution rates with mixed solvents. It was found that the addition of small non-solvent molecules to a good solvent results in a significant increase in the dissolution rate of PMMA films. This enhancement of the rate was proposed to be the result of 'plasticization' of the polymer films by the small, rapidly diffusing non-solvent molecules. Those molecules found to exhibit this enhancement effect at lower concentrations were water, methanol, and ethanol. Higher alcohols only decreased the dissolution rate of the films. It was also noted that high concentrations of the non-solvent molecules caused the films to swell appreciably. In addition, this enhancement effect was found to be less significant in lower molecular weight PMMA when compared with higher molecular weights.
Mixed solvents were also studied by Manjkow et al. [31] . Solvent/non-solvent binary mixtures of MEK and isopropanol (MEK/IpOH) and MIBK and methanol (MIBK/MeOH) were used. A sharp transition between complete solubility and almost total insolubility was observed in a narrow concentration range near 50:50 (by volume) solvent/non-solvent for both mixtures. In the insoluble regime, the polymer swelled up to three times its initial thickness. Papanu et al. [20] studied the PMMA dissolution in ketones, binary ketone/alcohol mixtures and hydroxyketones. They found that the dissolution rate decreases with increasing solvent size, indicating that dissolution rate is limited by the rate of which solvent molecules penetrate. For binary mixtures of acetone/isopropanol, a transition from swelling to dissolution occurred near acetone volume fractions of 0.45 -0. 5 . Acetol caused only swelling, whereas diacetone alcohol dissolved the films at approximately a quarter of the rate of MIBK. Later, the effects of solvent size were also investigated [21] . Penetration rates were strongly dependent on solvent molar volume for methanol, ethanol, and isopropoanol, but 1-butanol and 2-pentanol had rates similar to isopropanol. Some of the lower molecular weight films cracked in MeOH (relatively low temperatures), but with the same molecular weight samples, no cracking was observed with isopropanol (at elevated temperatures). Papanu et al. explained this phenomenon by the isopropanol molecules not penetrating as easily as the smaller MeOH molecules, and at higher temperatures, the polymer chains can relax more readily. Both of these factors inhibit the buildup of catastrophic stress levels, and cracking is suppressed at higher polymer molecular weights. Gipstein et al. [26] observed that in a homologous series of n-alkyl acetate developer solvents, the molecular size of the solvent has a greater effect on the solubility rate than the molecular weight of the resist.
Mao and Feng [32] studied the dissolution process of PS in concentrated cyclohexane, a theta solvent for PS. They proposed a two-step process for dissolution within this system. First, swelling of the polymer below the u temperature corresponds to the gradual dispersion of the side-chain phenyl groups which are solvated by cyclohexane molecules; while the complete dissolution above the u temperature corresponds to the gradual dispersion of the main chains at a molecular level. These dispersions reflect the fact that cohesional interaction among side-chainphenyl rings or main chains are weakened by solvent molecules, which shows the existence of the cohesional entanglements among polymer chains.
Rodriguez et al. [33] made several contributions to the study of polymers used as positive photoresists in microlithographic applications. The found that plasticization of PMMA by poly(ethylene oxide) (PEO) of molecular weight 4000 changed the dissolution rate in direct proportion to the amount of PEO added. With a weight fraction of 0.2 PEO, the dissolution rate was double that for PMMA alone.
Harland et al. [34] studied the swelling and dissolution of polymer for pharmaceutical and controlled release applications. They researched the swelling and dissolution behavior of a system containing a drug and polymer. The dissolution was characterized by two distinct fronts: one separating the solvent from the rubbery polymer and the second separating the rubbery region from the glassy polymer. The drug release had a t 0:5 dependence relation to a diffusional term and a t 1 relation to a dissolution term, and the drug release rate was independent of time when the two fronts' movements were synchronized.
Effect of environmental parameters and processing conditions
External parameters such as agitation and temperature as well as radiation exposure can influence the dissolution process. Ueberreiter [12] found that the velocity of dissolution increases with the agitation and stirring frequency of the solvent due to a decrease of the thickness of the surface layer, and the dissolution rate approaches a limiting value if the pressure of the solvent against the surface of the polymer is increased (at all temperatures). Pekcan et al. also studied the effects of agitation and found that with no agitation, the solvent molecules penetrate the polymer, and a gel layer forms. However, the gel layer decreases in magnitude with time due to desorption of the polymer chains. On the other hand, when agitation is present, no gel layer is formed because it is stripped off rapidly by the stirring process. In the latter case, the sorption of solvent molecules is immediately followed by desorption of the polymer chains from the swollen gel layer.
Manjkow et al. [19] conducted an investigation of the influence of processing and molecular parameters on the dissolution of these PMMA films with MIBK. They discovered that dissolution rates are highly sensitive to the molecular weight distribution, softbake cooling cycle, and dissolution temperature. The apparent activation energy for the dissolution of PMMA varied from 25 to 43 kcal/mol depending upon softbake cooling rates and molecular weight distribution. The dissolution rate of air quenched, monodisperse samples was found to vary with the molecular weight to the power of 2 0.98, but for slowly cooled samples, this constant was 85% higher.
Rao et al. [35] studied the influence of the spatial distribution of sensitizer on the dissolution mechanism of diazonaphthoquinone resists. Their studies demonstrated that the physical distribution of the PAC in the diazonaphthoquinone resists plays a significant role in the dissolution behavior of the films. For example, as little as 30 Å of PAC preferentially placed at the surface of the film or embedded between two polymer layers could cause significant induction period in development.
Parsonage and co-workers [22, 36] investigated the properties of positive resists, both PMMA and its copolymers, and the effects of irradiation on degradation and sensitivity. They found that irradiation led to a drastic decrease in the molecular weights of all the homo-and copolymers studied. Planar and radial dissolution studies were performed in pure MEK or ethanol at 26 8C with PMMA and poly(methyl methacrylate-co-maleic anhydride) P(MMA-co-MAH). It was observed that the process of dissolution is dependent on the structure of the polymer. The initial stages of the dissolution mechanism consisted entirely of the polymer swelling. Once the swelling reached a critical point, the dissolution occurred and the polymer chains disentangled from the bulk and dissolved away. At this time, the two boundaries (gel -liquid and polymer -gel) proceeded at the same velocity.
Drummond et al. [37] studied the effects of radiation. With samples of P(MMA-co-MAH) with MEK, it was shown that the dissolution process is a function of radiation dose, and the process started with swelling of the glassy polymeric slab by water which was followed by chain disentanglement and dissolution. It was also observed that when the swelling rate was greater than the dissolution rate, the gel layer thickness increased linearly with the square root of time, and, conversely, if the dissolution rate was greater than the swelling rate, then the gel thickness decreased with time.
Polymer solubility and solubility parameters
Solubility parameters are often used in industry to predict compatibility of polymers, chemical resistance, swelling of cured elastomers by solvents, permeation rates of solvents, and even to characterize the surfaces of pigments, fibers, and fillers [38, 39] . Moreover, the usefulness of polymers in many technological applications is critically dependent on the solubility parameter, d; as noted by Bicerano [40] . Some of these applications are listed below.
(1) The removal of unreacted monomers, process solvents, and other synthesis of processing byproducts, can both enhance the performance of the polymer and overcome health-related or environment-related objections to the use of certain types of polymers. ( 2) The Flory-Huggins solution theory uses d to determine whether two polymers (A and B) will be miscible by Eq. (1)
The Flory-Huggins interaction parameter x AB is a function of temperature ðTÞ; the mole fraction of each polymer, and the degree of polymerization. In this equation, V ref is an appropriately chosen 'reference volume', often taken to be 100 cm 3 /mol, and R is the gas constant. The blend miscibility is assumed to decrease with increasing x AB : If strong interactions, e.g. hydrogen bonds, are present between structural units on polymers A and B, more elaborate versions of the FloryHuggins solution theory can be used [41] .
(3) Environmental crazing and stress cracking are dependent upon the solution and the diffusion of environmental agents in the polymer, and thus upon d [42, 43] . These phenomena are important in determining the length of time that a polymer part can be useful for its application. (4) In some applications, the interaction of the polymer with a specific 'solvent' and/or with certain molecules carried by that solvent is not a detrimental event, but an essential aspect of the performance of the polymer. Reverse osmosis membranes and swollen hydrogels used in applications such as the desalination of water, kidney dialysis, soft contact lenses and surgical implants [44] are among such polymers. (5) Plasticization is another area where the nature of the interaction of a polymer with molecules is critical to the usefulness of the polymer in many applications. Sears and Darby [45] have reviewed the importance of d in the role of polymerplasticizer compatibility for effective plasticization.
The solubility parameter is important in the theory of solutions and has been shown to be connected to other physical properties such as surface tension [46] and wettability [47 -49] , the ratio of the coefficient of thermal expansion to compressibility [50] , the boiling points in the case of non-polar liquids [50] , the ultimate strength of materials [51] , and the glass transition temperature of polymers [52] . Therefore, the ability to estimate the solubility parameters can often be a useful tool to predicting systems' physical properties and performance.
It is the goal of this section to discuss the basis for solubility parameters, their use in predicting polymer dissolution, and the methods from which one can obtain the solubility parameters for both polymers (solute) and solvents.
Thermodynamics background
The solubility of a given polymer in various solvents is largely determined by its chemical structure. Polymers will dissolve in solvents whose solubility parameters are not too different from their own. This principle has become known as 'like dissolves like', and, as a general rule, structural similarity favors solubility.
Dissolution of an amorphous polymer in a solvent is governed by the free energy of mixing [39] 
where DG m is the Gibbs free energy change on mixing, DH m is the enthalpy change on mixing, T is the absolute temperature, and DS m is the entropy change on mixing. A negative value of the free energy change on mixing means that the mixing process will occur spontaneously. Otherwise, two or more phases result from the mixing process. Since the dissolution of a high molecular weight polymer is always associated with a very small positive entropy change, the enthalpy term is the crucial factor in determining the sign of the Gibbs free energy change. Solubility parameters were developed to describe the enthalpy of mixing [39] .
Hildebrand pointed out that the order of solubility of a given solute in a series of solvents is determined by the internal pressures of the solvents [53] . Later, Scatchard introduced the concept of 'cohesive energy density' into Hildebrand's theories [54] . Hildebrand and Scott [50] and Scatchard [55] proposed that the enthalpy of mixing is given by
where V mix is the volume of the mixture, DE V i is the energy of vaporization of species i; V i is the molar volume of species i; and F i is the volume fraction of i in the mixture. DE V i is the energy change upon isothermal vaporization of the saturated liquid to the ideal gas state at infinite volume [39] .
The cohesive energy, E; of a material is the increase in the internal energy per mole of the material if all of the intermolecular forces are eliminated. The cohesive energy density (CED) Eq. (4), is the energy required to break all intermolecular physical links in a unit volume of the material [40] CED
where DH vap is the enthalpy of vaporization. The Hildebrand solubility parameter is defined as the square root of the cohesive energy density:
Eq. (3) can be rewritten to give the heat of mixing per unit volume for a binary mixture:
The heat of mixing must be smaller than the entropic term in Eq. (2) for polymer -solvent miscibility ðDG m # 0Þ: Therefore, the difference in solubility parameters ðd 1 2 d 2 Þ must be small for miscibility or dissolution over the entire volume fraction range [39] . However, these predictions with the Hildebrand solubility parameters are made with the absence of any specific interactions, especially hydrogen bonds. They also do not account for the effects of morphology (crystallinity) and cross-linking. In addition, there may be (non-ideal) changes with changes in temperature and, in many cases, with changes in concentration.
One of the early schemes to overcome inconsistencies in the Hildebrand solubility parameter introduced by hydrogen bonding was proposed by Burrell [56] , and is based on the assumption that solubility is greatest between materials with similar polarities. This method divided solvents into three categories depending on the hydrogen bonding: poor, moderate, and strong hydrogen bonding capabilities. The system of Burrell is summarized as follows: weak hydrogen bonding liquids are hydrocarbons, chlorinated hydrocarbons and nitrohydrocarbons; moderate hydrogen bonding liquids are ketones, esters, ethers, and glycol monoethers; and strong hydrogen bonding liquids are alcohols, amines, acids, amides, and aldehydes.
Hansen also accounted for molecular interactions and developed solubility parameters based on three specific interactions [38] .
The first and most general type of interaction is the 'non-polar', also termed dispersive interactions, or forces. These forces arise because each atom consists of negatively charged electrons orbiting around a central positively charged nucleus. The moving negative charges create an electromagnetic field, which attracts all atoms to one another regardless of direction [57] . All molecules have this type of attractive force.
Polar cohesive forces, the second type of interaction, are produced by permanent dipoledipole interactions. These polar forces roughly correlate with the dipole moment of the molecule and the contribution to the dipole moment [40] . They are inherently molecular interactions and are found in most molecules to one extent or another.
The third major interaction is hydrogen bonding. Hydrogen bonding is a molecular interaction and resembles the polar interactions. These bonds are considerably weaker than covalent bonds but are much stronger than ordinary dipole -dipole interactions.
Therefore, as Hansen proposed, the cohesive energy has three components, corresponding to the three types of interactions:
Dividing the cohesive energy by the molar volume gives the square of the Hildebrand solubility parameter as the sum of the squares of the Hansen dispersion (D), polar (P), and hydrogen bonding (H) components:
Estimation of solubility parameters
For low molecular weight substances (solvents), DH vap can be calculated by a number of methods. Experimental values of DH vap can be obtained using vapor pressure -temperature data or from heat capacity-temperature measurements. Numerical values for most solvents can be found in the literature. Therefore, estimating values of d for low molecular weight solvents can be made.
When values of DH vap are known at one temperature, they can be converted to the appropriate DH vap values at any other temperature using the following empirical relationship first proposed by Watson [58, 59] :
This equation is useful because many liquids' DH vap values, corresponding only to the normal boiling points, have been reported. Also, this expression is fairly accurate because the predicted DH vap values are usually within about 2% of the experimental values [59] .
Hildebrand developed another method to calculate DH vap based on an empirical relationship which relates DH vap at 25 8C to the normal boiling point, T b ; of non-polar liquids [50] :
The d D parameter can by calculated according to the procedures outlined by Blanks and Prausnitz [60] . They used the idea of homomorphs to obtain solubility parameters. For example, the homomorph of a polar molecule is a non-polar molecule having very nearly the same size and shape as that of the polar molecule in question. This concept is relatively easy to apply. The polar energy of vaporization is simply the difference between the experimentally determined total energy of vaporization and the energy of vaporization of the homomorph at the same reduced temperature [60] . Charts [61] can be used to find the energy of vaporization or cohesive energy, depending on whether the molecule of interest is aliphatic, cycloaliphatic, or aromatic.
The critical temperature, T c ; is required to make use of these charts. If the critical temperature cannot be found, it must be estimated. The T c values can be calculated from the Lyderson constants ð P D T Þ 1 ; provided the boiling point T b at 1 atm is known, by
Blanks and Prausnitz calculated the polar solubility parameters by splitting the energy of vaporization of the polar fluid into non-polar and polar parts. However, these 'polar' parameters were actually the combined polar and hydrogen bonding parameters. These values were reassigned by Hansen and Skaarup [62] according to the Böttcher equation so that the real polar solubility component could be calculated by the equation
l Þ ð13Þ where m is the dipole moment (Debye), 1 is the dielectric constant, and n l is the refractive index of the liquid. Since most of these property constants are not reported for many compounds, Hansen and Beerbower [63] devised a simpler equation
Until this point in time, the hydrogen bonding parameter was almost always found by subtraction of the polar and dispersion energies of vaporization from the total energy of vaporization. However, now the group contribution techniques are considered reasonably reliable for most of the required calculations and, in fact, more reliable than estimating several of the other parameters to ultimately arrive at the subtraction step just mentioned [38] . These techniques will be discussed later.
However, obtaining the solubility parameters for high molecular weight materials (polymers) is difficult because there is no measurable value of DH vap or boiling point since polymers will degrade before they vaporize. Therefore, indirect methods must be used to obtain polymer solubility parameters, and these can be based on various kinds of measurements such as the determination of solubility relationships, of thermal changes accompanying mixing, and of various colligative properties such as vapor pressure, depression of the freezing point, and osmotic pressure. These measurements in conjunction with suitable theory can be used to evaluate d for polymers [43] . Some widely used methods are 1. Directly measuring the solubility in a range of solvents or by measuring the degree of swelling of lightly crosslinked polymers. The extent of swelling will be a maximum when the d value of the solvent matches that of the polymer. 2. Measuring the intrinsic viscosity of the uncrosslinked polymer in a series of solvents. The d value for the solvent which produces the highest viscosity can be taken as the d for the polymer. The best solvent gives the highest viscosity because the polymer chain is fully expanded and has the highest hydrodynamic volume.
However, these methods can be tedious and time consuming, so several alternative methods of calculation and calculating the values by group contributions have been explored extensively.
Group contribution methods of calculation of solubility parameters
Dunkel first considered E as an additive property for low molecular weight materials [64] . He derived group contributions for the cohesive energy of liquids at room temperature, and showed that DH vap could be represented by the equation
where Dh i is the contribution of the ith atom or group to the molar heat of vaporization. 
Small [65] proposed that the molar attractive constant, F; was a useful additive quantity for determining solubility parameters. He stated that the molar cohesive energy is given by
where U is the internal energy. The integral is the correction for the imperfection of the vapor which is small when the vapor pressure is low (around 2% at 1 atm), and E is about the same as the internal energy of vaporization. Since Scatchard [55] showed by the equation
that ðEVÞ 1=2 is an additive property, Small considered it reasonable that it might add, in compounds, on an atomic and constitutive basis. It proved possible to find a set of additive constants for the common groups of organic molecules, which would allow the calculation of ðEVÞ 1=2 : Therefore, for one mole of the substance concerned, P F summed over the groups present in the molecule of the substance gives the value of ðEVÞ 1=2 : Then Table 2 lists Small's molar attraction constants for several common functional groups or organic compounds, and Table 3 gives some values of the solubility parameters (for polymers) calculated from those constants in Table 2 . These values were determined with the assumption that for the classes of compounds considered the dipole-interaction energy was negligible.
Rheineck and Lin [66] also developed another system of additive group increments and found that for homologous series of low molecular weight liquids, the contribution to the cohesive energy of the methylene group was not constant, but depended on the values of other structural groups in the molecule.
Hoy [67] combined vapor pressure data and group contributions to calculate the solubility parameters of a broad spectrum of solvents and chemical. His technique is as follows. First, the heat of vaporization at a given temperature from available vapor pressure data is given by the following Haggenmacher [68] equations where V g is the specific volume of the gas phase, V l is the specific volume of the liquid phase, M is the molecular weight, P is the pressure, and P c is the critical pressure. Using these equations and the vapor pressure in the form of the Antoine equation
where P is in mm Hg, T is in 8C, and A; B; and C are constants, the solubility parameter can then be calculated by the equation 
but for the case of dimeric carboxylic acids the actual molecular weight is twice that of the original and the solubility parameter becomes
E was calculated using the group contributions of Fedors [43] who found that a general system for estimating both DE However, a problem with the Fedors method arises when the substance has either a T g or T m above room temperature because the estimates of both V and d refer to the supercooled liquid rather than to the glass or to the crystalline phase. V values are smaller and DE V i values are greater than experimental values. Therefore, small correction factors are introduced to alleviate this problem. For high molecular weight polymers with T g s in this range, these correction factors are
where n is the number of main chain skeletal atoms (including those in a ring system that is part of the chain's backbone) in the smallest repeating unit of the polymer. When polymers with T m s above room temperature are concerned, the relationship between the molar volume of the liquid and crystalline phase, V c ; can be taken as
where X is the degree of crystallization. Fedors noted that since the estimates of DE V i for a glass did not vary appreciably from that calculated for the liquid, one could assume that the DE V i for the glass and liquid were the same.
Using Eqs. (29) and (30) 
and the limiting form for high molecular weight liquids becomes
Hoftzyer and Van Krevelen [69] compiled a set of group contribution values based on atomic contributions to calculate F derived by Van Krevelen [70] and E calculations based on Small's method. Their method estimates the individual solubility parameter components from group contributions using the following equations:
These parameters are then incorporated into Eq. (9) to calculate the Hildebrand parameter.
The prediction of d D is the same type of formula used as Small first proposed for the prediction of the total solubility parameter, d: The group contributions F Di to the dispersion component F D of the molar attraction constant can simply be added. The same method holds for d P as long as only one polar group is present. To correct for the interaction of polar groups within a molecule, the form of Eq. (37) 
The x parameter and its relation to Hansen solubility parameters
The Flory -Huggins parameter, x; has been used for many years in connection with polymer solution behavior, but it is desirable to relate this parameter to the Hansen solubility parameters (HSP). x is an adjustable parameter that can be obtained from experimental measurements (e.g. from osmotic pressure measurement), but if the solubility parameters of the system are known, they can be used to estimate x as follows
The 0.34 is a factor which is necessary to preserve the Flory form of the chemical potential expression. The most likely origin of this correction term lies in so-called free volume effects that are neglected in the Flory -Huggins treatment. In the liquid state, the motion and vibrations of the molecules lead to density fluctuations, or free volume. The free volume associated with a low molecular weight liquid is usually larger than that of a polymer so that in mixtures of the two there is a mismatch of free volumes. This leads to the need for an additional term. In fact, a more general way of expressing the Flory x term is to let it have the form:
where the quantity a can be thought of as an entropic component of x; accounting for non-combinatorial entropy changes such as those associated with free volume, while b is the enthalpic part [71] .
Techniques to estimate Hansen solubility parameters for polymers
For low molecular weight, non-polymeric substances, DH vap can be calculated by a number of methods or easily found in the literature and handbooks, so estimation of d is simple. However, this is not the case for macromolecules. Polymers do not vaporize so there is no real value of DH vap and d becomes difficult to determine. Therefore, experimental methods to determine the HSP have been developed.
The simplest method is to evaluate whether or not the polymer dissolves in selective solvents, or evaluate their solubility or degree of swelling/uptake in a series of well-defined solvents [38] . The solvents should have different HSP chosen for systematic exploration of the three parameters at all levels. The middle of the solubility range (in terms of d s ) or the maximum of swelling is taken as the d p :
Another solubility characterization method is that of using the intrinsic viscosity. The intrinsic viscosities will be higher in better solvents because of greater interactions and greater polymer chain extensions (viscosity / hydrodynamic volume of the chain in solution). The d s of the solvent which gives the maximum dilute solution viscosity is taken as the d p of the polymer.
There are other more complicated techniques to evaluate polymer solubility parameters such as permeation measurements, chemical resistance determinations of various kinds, and surface attack. These usefulness and accuracy of experimental techniques depends on the polymer involved. Others can be problematic because of the probable influence of factors such as solvent molar volume and length of time before attainment of equilibrium [38] .
Predicting polymer solubility
Solubility behavior cannot be accurately predicted by only the Hildebrand solubility parameter. As mentioned earlier, solubility can be affected by any specific interactions, especially H-bonds, polymer morphology (crystallinity) and cross-linking, temperature, and changes in temperature. Also of importance is the size and shape of the solvent molecules. Therefore, several graphing and modeling techniques have been developed to aid in the prediction of polymer solubility [72] .
Crowley et al. [73] developed the first threecomponent graphing system using the Hildebrand parameter, a hydrogen bonding number, and the dipole moment. A scale representing each of these three values is assigned to a separate edge of a large empty cube. Then, any point within the cube represents the intersection of three specific values: the Hildebrand value, dipole moment, and hydrogen bonding value ( Fig. 3) [72] . Once all the solvent positions are determined, solubility tests are performed on polymers. The positions of solvents that dissolve a polymer are indicated by black balls, non-solvents by white balls, and partial solubilities by gray balls. Therefore, a three-dimensional volume of solubility is outlined with liquids within the volume being active solvents and liquids outside the volume being non-solvents. The gray balls create the interface. The 3D plot can then be translated into a 2D plot (Fig. 4) [72, 74] by plotting the data on a rectangular graph that represents only two of the three component parameter scales. The polymer solubility volume becomes an area which represents either a single slice through the volume at a specified value on the third component parameter scale or a topographic map that indicates several values of the third parameter at the same time. A second modeling technique of 3D solubility was developed by Hansen [38, 75] . The Hansen characterization is usually considered as a sphere. The center of the sphere has the d D ; d P ; and d H values of the polymer in question (solute). The radius of the sphere, R o ; is termed the interaction radius. The boundary of the spherical characterization is based on the requirement that 'good' solvents have a distance from the center of the sphere, R a (also termed the solubility parameter distance) less than R o : R a is given by the relation 
An RED number of 0 is found for no energy difference. RED numbers less than 1.0 indicate high affinity; RED equal to or close to 1.0 is a boundary condition; and progressively higher RED numbers indicate progressively lower affinities [38] . Fig. 5 is a sketch of a sphere of solubility in the Hansen threedimensional solubility parameter system [75] .
The Hansen characterization can also be represented in two dimensions by plotting a cross-section through the center of the solubility sphere on a graph that used only two of the three parameters, if need be. Also, this method has also been used to predict environmental stress cracking [77] .
It is important to note that deviations can occur with this method. These are most frequently found to involve the larger molecular species being less effective solvents compared with the smaller counterparts which define the solubility sphere. Likewise, smaller molecular species such as acetone, methanol, nitromethane, and others often appear as outliers in that they dissolve a polymer even though they have solubility parameters placing them at a distance greater than the experimentally determined radius of the solubility sphere. Smaller molar volume favors lower free energy of mixing, which promotes solubility. Such smaller molecular volume species which dissolve 'better' than predicted by comparisons based on solubility parameters alone should not necessarily be considered non-solvents [38] .
The sizes of both the solvent and polymer can affect solubility due to differences in diffusion, permeation, and chemical resistance. Smaller molecules will tend to dissolve more easily than larger ones. Molecular shape can also be important. Smaller and more linear molecules diffuse more rapidly than larger more bulky ones. All these factors must be kept in mind when predicting solubility.
Another method developed to predict polymer solubility was developed by Teas [78] . Using a set of fractional parameters mathematically derived from the three Hansen parameters, a 2D graph is obtained. This method is based on a hypothetical assumption that all materials have the same Hildebrand value. According to this assumption, solubility behavior is determined, not by differences in total Hildebrand value, but by the relative amounts of the three component forces that contribute to the total Hildebrand value [72] . The fractional parameters used by Teas are mathematically derived from Hansen values and indicate the percent contribution that each Hansen parameter contributes to the Hildebrand value
and
These values can then be plotted on triangular graphs on which three axes oriented at 608 (Fig. 6 ) [72] . This construction derives from the overlay of three identical scales each proceeding in a different direction. Therefore, alkanes, for example, whose only intermolecular bonding is due to dispersion forces are located in the far lower right corner of the Teas graph. This corner corresponds to a contribution by the 100% dispersion forces and 0% contribution from polar or hydrogen bonding forces. Moving toward the lower left corner, corresponding to 100% hydrogen bonding contribution, the solvents exhibit increasing hydrogen bonding capability culminating in the alcohols and water molecules with relatively little dispersion force compared to their very great hydrogen bonding contribution [72] . An example of a Teas graph with several solvent groups can be seen in Fig. 7 [72] .
Once the positions of the solvents are determined on the triangular graphs, it is possible to obtain polymer solubilities using methods similar to those of Crowley and Hansen. A polymer is tested in the various solvents whose positions have been determined, and the degree of swelling and/or dissolution is monitored. For example, liquids determined to be good solvents might have their positions marked with a blue mark, marginal solvents might be marked with a green mark, and non-solvents marked with red. Once this is done, a solid area on the Teas graph will contain all the blue marks, surrounded by green marks. The edge of this area is termed the polymer solubility window.
This method is particularly useful in selecting solvent mixtures for specific applications. Solvents can be mixed to selectively dissolve one material but not another; control evaporation rate, solution viscosity, degree of toxicity or environmental effects; and, in some cases, decrease cost.
The solubility parameter of a liquid mixture can be calculated by incorporating the volumewise contributions of the solubility parameters of the individual components of the mixture. The fractional parameters for each liquid are multiplied by the fraction that the liquid occupies in the blend, and the results for each parameter are added together. In this way, the position of the solvent mixture can be located on the Teas graph according to its fractional parameters. Calculations for mixtures for three or more solvent are made in the same way. This method is also useful for predicting solubility with mixtures of non-solvents. For example, two non-solvents for a specific polymer can sometimes be blended is such a way that the mixture will act as a good solvent. This is possible if the graph position of the mixture lies inside the solubility window of the polymer and is most effective if the distance of the non-solvent from the edge of the solubility window is small [72] .
These are a selection of the graphing/mapping/-modeling techniques that have been developed to aid in the understanding and prediction of polymer solubility. Extensive descriptions of other polymer maps and models can be found in Ref. [79] .
Polymer dissolution models
The dissolution mechanism of an amorphous polymer is highlighted in Fig. 8 . The glassy polymer starts with a layer thickness of 2l: At the beginning of the dissolution process, the solvent penetrates and swells the polymer causing a transition from the glassy to a rubbery state, and two interfaces are formed: a swelling interface at position R and a gelsolvent interface at position S. As R moves inwards toward the center of the slab, S moves in the opposite direction. After an induction time which terminates when the concentration of the penetrant in the polymer exceeds a critical value, chain disentanglement begins, and true dissolution occurs. After the glassy core disappears as R continues inward, only front S exists, and it continues to move inwards until polymer dissolution is complete. This is the general understanding of the mechanism of polymer dissolution.
Several other models have been formulated to explain the experimentally observed dissolution behavior and have been reviewed [2,80 -82] . There are five main approaches to modeling amorphous polymer dissolution [2,81]:
1. Phenomenological models with Fickian equations.
These models attempt to physically describe the dissolution process using Fickian conditions and the moving boundaries present in the system. 2. Models with external mass transfer as the controlling resistance to dissolution. These models assume that the controlling factor in dissolution is resistance due to an external mass transfer. 3 . Stress relaxation models and molecular theories.
These models predict the polymer relaxation response to solvent uptake. 4 . Analysis using transport models for swelling and scaling laws for chain disentanglement. These models are used to calculate polymer dissolution in the anomalous transport and scaling models. 5 . Continuum framework models. These take into account the viscoelastic effects and mobility changes of the polymer during dissolution while using anomalous transport models to predict the behavior of solvent diffusion.
This section concentrates on several proposed models of glassy polymer dissolution and is divided into subsections based on the five classifications of these models. A few selected examples of controlled release models as also discussed, but a complete, more detailed discussion of these systems is discussed elsewhere [80] .
Phenomenological models

The multi-phase Stefan problem
Tu and Ouano [83] proposed one of the first models for polymer dissolution, assuming Fickian solvent diffusion into the polymer followed by the establishment of two distinct boundaries characterized by sharp changes in the concentration of the solvent. They also assumed that the conditions of constant chain disassociation concentration and rate are established immediately upon wetting the polymer surface and that the solvent and the polymer are incompressible. The first boundary between the liquid solvent and gel-like solution phase provides a partition between the dissolved and undissolved polymer, and the concentration at this interface is a defined quantity for a given polymer -solvent pair. At the liquid -gel interface, the polymer molecules go from the gel-like phase (entangled state) to a less viscous liquid solution (free state) at a rate defined as the disassociation rate, R d ; which may be experimentally estimated by extrapolating the solubility rate to very high solvent velocity across the liquid -gel interface. The second boundary (also characterized by concentration) lies between the gel-like and the glass-like phases and is also marked by a change in the diffusion coefficient of the solvent in the polymer matrix. Once the concentrations at these interfaces are defined and the different material parameters such as the diffusion coefficients of the solvent and polymer and R d are known, the kinematics of dissolution can be formulated and the spatial locations of the liquidgel and polymer -glass interfaces tracked with time. Therefore, assuming the model is correct and the parameters used are accurate, the kinematics of the swelling and the dissolution of the polymer can be described analytically.
It was proposed that the dissolution process is disassociation-controlled if the polymer diffusion rate in a liquid layer adjacent to the polymer -gel interface is faster than the disassociation rate, or diffusioncontrolled if the diffusion rate is slower than the disassociation rate. The solvent diffusional flux, j s ; is defined by the diffusion coefficient of the solvent, D s ; a function of f p ; f s ðf p Þ; and the position of the solvent -gel interface, SðtÞ; as follows:
As the solvent penetrates the polymer, the polymer swells at a rate,
and the interface position is derived as
The swelling velocity is equal in magnitude but opposite in direction to the solvent flux, forming the two interfaces. The flux of polymer, j p ; at the gelliquid interface is dependent on the movement of that interface and defined as
The disassociation rate, R d ; is assumed to be equal to the diffusion of the dissolved polymer into the bulk liquid, i.e.
As a result, the governing solvent diffusion equation in the polymer in the region between the solvent -gel interface, S; and the external polymer thickness, L; is
The governing polymer diffusion equation in the liquid boundary layer is derived as x , SðtÞ;
The equation for the interface position, S, is
It is assumed that at small times, the solvent flux into the polymer is sufficient to carry away all the chains that dissolved from the gel into the liquid, and the dissolution is disassociation-controlled. When the solvent concentration at the gel -liquid boundary reaches a constant concentration, the flux is no longer sufficient to carry all of the dissolved chains away from the surface, at which time the dissolution becomes diffusion-controlled.
From existing data for the dissolution of PS in MEK, this mathematical model was verified experimentally by an in situ technique measuring the motions of the polymer -gel and the liquid -gel interfaces. Different forms of the functions f s and f p were used in the simulations, and it was shown that the concentration dependence of the diffusion coefficient is crucial. The disassociation rate, R d ; was treated as a model parameter, and the simulations failed to yield more insight into the actual rate. Another weakness of the model is that no mechanism for the disassociation of the polymer from gel is provided. In addition, the contribution of reptation time to the delay in the onset of dissolution is neglected, and the assumption of constant solvent concentration at the gel -liquid interface disregards the possible effects of solvent history on the dissolution process.
Disengagement dynamics
Devotta et al. [84] predicted the lifetime of a dissolving polymeric particles in a hydrodynamic field by building a model that included the phenomenon of reptation of the polymer chains, disengagement of these chains from the gel -liquid interface, and, also, diffusion in the boundary layer surrounding the gel -liquid interface. In this model the minimum time for a polymer to reptate out of the entangled swollen network and disengage itself from the interface is assumed to be equal to the reptation time, t rep ; which is primarily dependent on the structure of the polymer and molecular weight. Polymer chains, being long and mutually entangled, are inhibited from entering the liquid phase due to the dynamic friction between the chains. It was proposed that the rate at which the polymer chains disengage themselves from the gel -liquid interface is one of the factors controlling the dissolution rate in polymeric systems. In addition to the disengagement process at the interface, there is some mass transfer resistance at the surface due to a concentration gradient that is established between the interface of the swollen gel and the bulk liquid, which drives this process. When the disengagement rate, R d ; is relatively low, the resistance of the eternal boundary layer, quantified by the mass transfer coefficient, k l ; is neglected. However, if the surface disengagement and the subsequent transport of the disengaged chains occurs at comparable rates, then, depending on the relative magnitude of the resistances at any instance, the dissolution process is disengagement limited or diffusion limited. The assumption is made that the glass-gel transition is rapid and the details of the kinetics of the glass -gel transition process are neglected. The solvent transport is described through a Fickian equation as t . 0; 0 , r , SðtÞ;
where r the radial position. The initial and boundary conditions for the above equations are
r ¼ RðtÞ; t . 0f s ¼ f s;eq ð57Þ
where r 0 is the initial radius of the polymeric particle and f s;eq the equilibrium volume fraction of the solvent in the polymer, which is assumed to be constant as per convention and greater than the critical concentration required for disengagement. 
where k l is the liquid side mass transfer coefficient, and f p;b is the polymer volume fraction in the bulk.
Correlations are used to obtain the mass transfer coefficient. The model equations are made dimensionless by suitable transforms and solved using a CrankNicholson scheme. Therefore, the resistance offered due to mass transfer controls the diffusion of the chains away from the gel -liquid interface. At times just greater than the reptation time of the polymer, dissolution is predicted to be disengagement-controlled. On the other hand, at longer times the mechanism is predicted to change to diffusioncontrolled. Studies with a PS -cyclohexane system were conducted to verify the validity of the model. The experiments demonstrated that there is a critical size of a polymer particle below which the time of dissolution of a solid polymer particle remains almost independent of the particle size. This critical size increased with an increase in the rate of stirring as shown in Fig. 9 . The comparison between the semi-quantitative predictions and experimental observations were reasonably good (Fig. 10) .
Ranade and Mashelkar [85] took this model one step further by considering the dissolution of a spherical polymeric particle in a convective field. The swelling rate, v s ; is related to the diffusion of the solvent and the polymer in the gel phase as
where D pg and D sg are dimensionless diffusivities of the polymer and the solvent in the gel phase, respectively. Pe R is the Peclet number. The boundary conditions are similar to those defined by Devotta et al. [84] , and the effective disengagement rate, k eff ; is treated as a model parameter.
If the dissolving polymer particles are placed in a uniform stream of solvent moving with velocity v s1 ; then the polymer concentration field will not be uniform in the r and u directions. Therefore, the transport equations must be solved in both the r and u directions. The r component of the mass balance in Eq. (55) is written as 
where a is the ratio of the reference length scale to the product of the reference time and the reference velocity scales, v r is the r-component of the velocity and v u is the u-component of the velocity, and S f is the source term.
The creeping flow solution, with slight modification in radial velocity (assuming u independent swelling velocity, v sp ) due to swelling, can be used to estimate the external velocity field as 
where v sp is the velocity of the gel -solvent interface. Analysis of the computed results for a wide range of parameters suggested that the value of reptation time, t rep ; and of the solvent diffusivity in the gel phase D s ; govern the formation and swelling process of the gel phase. Fig. 11 shows the typical movement of the glass-gel and gel-liquid interface during the dissolution process. The radius of the glassy region decreases continuously, and at times less than t rep ; the solid polymer particle only swells, and at times equal to t rep ; the macromolecules start disengagement at the gelliquid interface. It can be seen that although glass transition kinetics influences the duration of the glassy phase in the polymer particle, the dissolution time remains almost unaffected. Radial profiles of the polymer volume fraction during the dissolution process are shown in Fig. 12 and indicate that the particle becomes saturated in the late stages of dissolution.
The effects of the diffusivity of the polymer in the solvent, D p ; the external velocity, v s1 ; and the disengagement rate, k d ; on dissolution time is shown in Fig. 13 , and the resulting trends are as follows. First, for larger particle sizes, the dissolution times decrease as the particle size decreases, and as the diffusivity of the polymer increases. The dissolution time decreases because of the enhanced mass transfer rate. Second, an increase in the external velocity, v s1 ; causes a decrease in dissolution time, and the dissolution time varies linearly with particle size. Lastly, when the disengagement rate is very slow (compared to external mass transfer), the dissolution process is not influenced by mass transfer, and the dissolution time varies nearly linearly with the particle size.
Several limiting cases were also examined: glass transition-controlling, disengagement processcontrolling, external mass transfer process-controlling, 
(Adapted from Ref. [85].) and reptation process-controlling. The first controlling factor, glass transition, was inspected by analyzing the dissolution model without the overlying assumption that the glass-gel transition occurred quickly. Then the glass transition occurred slowly when compared to the eternal mass transfer and disengagement rates, no gel layer was predicted, and the dissolution time of the spherical particle was predicted to be proportional to its radius.
In the second case where the controlling factor was the disengagement rate, the glass transition was assumed to occur rapidly and the gel layer always existed. This was presumed to be the case modeled when the external flow was rapid, leading to a high rate of mass transfer from the interface. Here, the dissolution time for the particle was again determined to be proportional to the radius of the dissolving polymer particle. When the glass transition and disengagement rates are fast enough to make the external mass transfer controlling, the system is treated as a non-polymeric solid, and the dissolution rate varies as a function of the radius of the particle to the five-third of the power.
The dissolution process is controlled by reptation if the particle is very small and the disengagement rate and diffusion through the boundary layer are high. In this case, the dissolution time will be equivalent to the reptation time.
The predictions of both models were compared with experiments performed with PMMA -benzene system (Fig. 14) , and good agreements were observed. The figure shows that there is indeed a critical particle size below which the dissolution time of the polymer is constant. This observation is, in contrast with the dissolution behavior of small molecular weight solutes, where the dissolution time vanishes as the particle tends to zero.
The model was further modified by Devotta et al. [86] with the belief that the presence of a small amount of residual solvent enhances the mobility of the polymer chains substantially apart from enhancing the diffusion of the solvent into it. The diffusion equation in the polymer matrix in terms of the polymer volume fraction, f p ; takes the following form
The free volume model of Zielinski and Duda [87] is used to model the concentration dependence of the diffusion coefficient. The kinetics of glass transition of the glassy polymer to a gel-like state is expressed as
Here, f slx¼R is the concentration of the solvent at the interface of the swollen and glassy polymer and f s;t is the concentration level corresponding to the threshold activity for swelling. Also, K and n are the swelling kinetic parameters of the model.
As the polymer chains disengage, the boundary erodes and the polymer molecules move out from the gel-like phase through a diffusion boundary layer. The transport of the polymer chains across the boundary layer is described by the following conservation equation
The appropriate initial and boundary conditions are written by assuming that no polymer disengages from a time equal to the reptation time of the chain and after a time equal to the reptation time elapses, and the chains disengage at a finite rate, k d :
The gel -liquid interface moves as the result of solvent transport and polymer disengagement, and is described by dS=dt ¼ ðD s ›f p =›xÞ x¼S 2 ðtÞ 2 ððD p =f 2 p;eq Þ›f p =›xÞ x¼S þ ðtÞ ð70Þ
In Eq. (70), the first term on the right-hand side represents the increase in dimension of the polymer particle due to swelling, and the second term represents the decrease in length due to the disengagement at the interface. It was proposed that the disengagement rate is proportional to the mobility of the disengaging polymer chain, m p : The rate of change of mobility is assumed to be given by a product of kinetic constant and the extent of departure from the maximum mobility. This mobility depends on the concentration of solvent and hence on the fractional free volume of the gel in the following way
where m p;/ is the maximum mobility that the polymer molecules can attain at infinite time under a state of maximum possible disentanglement rate at that concentration, B d is a parameter which depends on the size of the mobile species, and f gp is the free volume fraction of the gel phase and is given by
The concentration at the glassy -gel interface is calculated by using thermodynamics of swollen networks. Fig. 15 shows the polymer volume fraction profiles as a function of time, produced from simulations. The effect of the parameter B d on the dissolution kinetics of the polymer is presented in Fig. 16 . B d directly affects the surface disengagement rate. As the size of the mobile molecule increases, the value of B d gets larger. For high B d values, the dissolution rate is low and the fraction of the chains disengaged increases continuously with time, and it remains disengagement limited throughout the dissolution process. However, as the parameter B d decreases and the disengagement rate increases, the process is initially disengagement limited and becomes diffusion limited when the diffusion of the chains becomes insufficient to drive away the disengaged chains to the bulk. Therefore, a decrease in the dissolution rate is observed, as observed by the plateau in Fig. 16 . The effect of the diffusion boundary layer thickness on the dissolution mechanism is also correct and it was observed that the mechanism shifted from disentanglement-controlled to diffusion-controlled with increased thicknesses (Fig. 17) .
Dissolution by mixed solvents
Devotta and Mashelkar [88] proposed a model for polymer dissolution in mixed solvents. They assumed that the kinetics of dissolution is completely controlled by the process of disengagement of chains from the gel -liquid interface. The diffusion of the two solvents into the polymer film is described by the following equations
where v s is the swelling velocity which is related to the diffusion of both the solvents as follows
The diffusivities of the two solvents are modeled as dependent on their sizes and the free volume of the gel phase, which can be expressed as where f gp is the free volume of the gel phase, and f pp ; f 1p ; and f 2p are the free volume fractions of the polymer and the two solvents, respectively. The solvent diffusivities are defined as
The net rate of movement of the gel -liquid interface is described as follows:
The disengagement part of the model is based on the properties previously outlined in a model proposed by Devotta et al. [85] . The mobility of the chain in the gel phase is assumed to vary according to the following kinetics
This mobility of the polymer molecules depends on the concentration or the free volume, and hence it is given by
The variation of the interface concentration of both the solvents with the composition of the dissolution medium is evaluated by assuming a thermodynamic equilibrium at the interface and equating the chemical potentials of each of the solvents in both phases.
The concentration of the entanglements decreases as the matrix swells and the macromolecules disentangle in the gel phase. The rate of change of entanglements is driven by [86] dN e =dt ¼ KðN e;1 2 N e Þ ð 82Þ
where N e represents the time dependent number moles of physical entanglements, N e;1 is the number of moles of entanglement at large times corresponding to the concentrated polymer solution at that concentration and is given by [89] 
Here, M c is critical molecular weight for entanglement, and M is the molecular weight of the polymer. The solvent and non-solvent concentrations at the gel -liquid interface are predicted using a multi-variable Newton -Raphson method.
The concentration profiles of the two solvents in the gel phase are obtained from the changing mobility of the chain in the gel phase, and, hence, the disengagement rate can be evaluated. Fig. 18 shows the general prediction of the variation of surface concentration of both the solvents with the composition of the dissolution medium and the volume fraction of the polymer at the surface, which increases with the non-solvent composition. This indicates lesser swelling of the polymer film with increases in non-solvent content of the solvent phase. The concentration profiles of both the non-solvent and solvent are shown in Figs. 19 and 20 , respectively. The concentration profiles for the non-solvent, which diffuses faster than the solvent, are almost flat even at small times, and the concentrations are almost equal to the interface value throughout the matrix. The good solvent diffuses slower because of its larger size. The variation of normalized dissolution rates with the nonsolvent composition in the dissolution medium are also predicted. The dissolution rate increases with increased amount of non-solvent due to 'kinetic goodness' of the dissolution medium until a maximum rate is attained. After the maximum, the dissolution rate decreases because the dissolution medium becomes 'thermodynamically poor' resulting in reduced swelling.
Drug release from a polymer matrix
Harland et al. [34] developed the first mathematical model for drug release from a polymer matrix during dissolution. It is important to note that when it comes to controlled release systems, they can be classified according to the controlling physical transport mechanisms of drug release, which are diffusioncontrolled, swelling-controlled, and chemically controlled. In this model, mass balances are written for the drug and the solvent at the both the glassy -gel and gel -liquid interfaces, and Fickian transport is assumed. When the glassy -gel boundary velocity equals that of the gel -liquid boundary velocity, zeroorder release in dissolution-controlled systems occurs. The model was tested with a system of sodium diclofenac from poly(vinyl alcohol) (PVA)-mannitol tablets, and it yielded good results. However, a disadvantage of this model is that the molecular (or physical) origin of some of the parameters are not available.
Siepmann and co-workers [90 -92] formulated a mathematical model describing drug release from dissolving hydroxypropyl methyl cellulose (HPMC) matrices. The dissolved mass of pure HPMC-matrices and the drug release rate from propanolol HCL-loaded HPMC-matrices were determined experimentally. Based on Fick's second law of diffusion for cylinders, the transport of water and drug are modeled considering both radial and axial diffusion, concentration-dependent drug diffusivities, matrix swelling, and HPMC dissolution. The diffusivities of water and the drug are taken to be concentration dependent following a generalized free volume theory, and a reptation model, similar to the approach by Narasimhan and Peppas [93] . The disentanglement processes begin to dominate the dissolution process below a critical polymer concentration, resulting in convection-controlled transport of the polymer chains. This model considered a dissolution rate constant, k diss ; that characterized the overall dissolution velocity per surface area quantitatively as
Here, M pt and M p0 are the dry matrix masses at time t; and t ¼ 0; respectively, A t denotes the surface area of the system at time t: The dissolution rate constant k diss ; was then determined by fitting the model to experimental data (Fig. 21) , and it was shown to possess good predictive capabilities. However, the release rates at short and long times are higher and lower than observed, respectively.
External mass transfer arguments
External mass transfer model I
With mass transfer models, the assumption is made that the resistance offered by the layer directly adjacent to the polymer is a controlling factor in polymer dissolution. Lee and Peppas [94] were the first to investigate this phenomenon. The solvent transport is expressed by a Fickian equation 
The gel layer shows a square-root-of-time dependence and can be calculated by
where f p s is the solvent volume fraction at which the glassy -gel transition occurs and L is the halfthickness of the polymer slab. Experimental data from the literature [83] was compared with the model predictions with good results.
External mass transfer model II
Lee and Lee [95] proposed another mass transfer model that also determines the variation of gel thickness with time, in addition to the glassy -gel and gel -liquid boundary positions as a function of time. They also obtained a square-root-of-time dependence of the gel layer thickness like Lee and Peppas [94] and showed that dissolution becomes important only at large experimental times.
Stress relaxation and molecular theories 4.3.1. Kinetics of dissolution
Brochard and de Gennes [96] proposed a relaxation-controlled model that relates the solvent flux in the system to the polymer concentration, the stress present in the system and the osmotic pressure. It is assumed that when a droplet of polymer solution with concentration c p is immersed in a solvent, a two-step process controls the dissolution. The first step involves the solvent swelling the polymer, and the second step corresponds to the viscous yield of the network and is controlled by the reptation time of the polymer, t rep : This step is assumed to be controlled by the cooperative diffusion coefficient D coop : The net solvent flux is expressed as
where K is a proportionality constant dependent on the polymer concentration, c p ; s is the network stress, and p is the osmotic pressure. A conservation law is written as
The osmotic pressure is expressed as a scaling law with respect to the polymer concentration c p as 
where L is a function of c p (or p). It was found that for small and large polymer droplets, dissolution was limited by polymer swelling and the viscous yield of the network, respectively. This condition is expressed in terms of a characteristic length, l; related to the cooperative diffusion coefficient, D coop ; and the reptation time, t rep by Fig. 21 . Validity of the model: predicted and experimentally determined data on propanolol-HCL release from HPMC matrices. (Adapted from Ref. [91] .)
They further theorized that for large droplets ðrð0Þ . 1Þ; the dissolution is limited by the first step, while for small droplets ðrð0Þ , 1Þ; the dissolution is limited by the viscous yield, in addition to the optimal size of droplet of rapid dissolution being rð0Þ , 1:
The reptation model
Herman and Edwards [97] took the approach of Brochard and de Gennes [96] a step further and examined the stress accompanying the polymer swelling by using reptation theory. Two free energy contributions are included in this model. where OR refers to 'orientational', Z is the number of segments in the primitive path and DG OR seg is the orientational contribution to the free energy, given by
where k B is Boltzmann's constant, F is a factor that determines the extent of the local swelling. Fig. 22 shows varying m s behavior resulting from the interplay between the osmotic pressure and orientational stress terms. The parameter B appearing in the figure is given by
where V m and l m are the monomer volume and length, respectively. It is assumed that the polymer volume fraction in the dilute solution phase is low. If this low concentration is established throughout this phase rapidly compared with the time scale of the swelling of the concentrated polymer phase, then the polymer flux across the boundary between the dilute and concentrated phases is negligible. This is incorporated into simple Fickian transport equations with a free volume diffusion coefficient. The flux boundary condition at x¼S is written as
The transport equations are dimensionless and are solved numerically. Fig. 23 shows a typical polymer volume fraction vs. position profile. It can be seen that f p approaches the bulk value for long times, and the phase boundaries disappear when this happens.
Anomalous transport models and scaling laws 4.4.1. Scaling approach
Papanu et al. [89] devised a model of dissolution using scaling laws to model the reptation of a polymer from a swollen gel layer. First, the disentanglement rate, R d ; is taken to be proportional to a characteristic length such as the radius or gyration, r g ; divided by a characteristic time such as reptation time, t rep : Thus, The reptation time constant is expected to be proportional to a length squared divided by the selfdiffusion coefficient, D self :
Combining Eqs. (98) and (99) gives
It was shown by de Gennes [98] that
Therefore, the disentanglement rate is expressed as
where C is an empirical constant. The kinetics of the glassy-rubbery interface is governed by the stress level as dR=dt ¼ 2Kðs 2 scÞ ð 105Þ
where K is a front factor, and s c is the critical stress for crazing given by
where g is a constant and T g is the glass transition temperature of the polymer. The movement of the rubbery -solvent interface, S; is governed by the difference between the solvent penetration flux and the dissolution rate. An implicit Crank -Nicholson technique with a fixed grid was used to solve the model equations. The positions of the R and S interfaces are shown in Fig. 24 , and typical solvent concentration profile is shown in Fig. 25 . The solvent concentration at the gel -liquid interface was calculated using the thermodynamics of swollen networks to obtain an equilibrium value at the interface. Typical Case II behavior and disentanglement-controlled dissolution was observed.
Dissolution clock approach
Peppas et al. [99] proposed a dissolution model based on chain disentanglement and introduced the idea of a dissolution clock. An expression for the reptation time is derived from the reptation theory and the resultant scaling laws [98, 100, 101] and it scales as follows [102] 
where L t is the length of the tube, and D tube is the tube diffusion coefficient and is expressed as and, the tube length scales as
where j is the distance between entanglements and g is the number of monomer units in an entanglement subunit.
The radius of gyration is expressed as
where g becomes
As a result,
The polymer self-diffusion coefficient can be expressed as
where h s is the solvent viscosity, and, with substitutions, can be rewritten as Consequently,
where K is a function of the thermodynamic compatibility between the polymer and the solvent. Thus a general expression for the disentanglement times is written as
Wu and Peppas [103] introduced a numerical algorithm to analyze complex problems of penetrant transport which was extended to model dissolution.
The appropriate boundary condition for the gelliquid interfaces, S; take into account the disentanglement time as defined by Peppas et al. [99] . Thermodynamics of swollen networks are used to estimate the concentration at this interface.
The concept of a dissolution clock was introduced. The clock is initially set to zero at every point within the polymer. When the solvent concentration reaches a critical value, the clock is started, and after a period of time equal to the reptation time, the polymer dissolves. This is clock concept is pictorially shown in Fig. 26 .
A system of PS and MEK were tested and the results compared with the model predictions. Fig. 27 shows the predicted movement of R and S with time. From this data, three stages of dissolution are recognized. Further, there is solvent-penetration induced swelling without dissolution. Then dissolution starts after an induction time. Lastly, disentanglement occurs until the polymer completely dissolves.
The single phase model
Vrentas and Vrentas [104] proposed that for a dissolution process, there are no moving boundaries in the diffusion field. Consequently, the processes of solvent penetration and disentanglement of polymer chains are considered to be part of a complex diffusion process involving polymer and solvent in a single phase. For the dissolution of either rubbery or glassy polymers, the species continuity equation for the polymer is expressed as
where v † is the x component of the volume average velocity, and D is the binary mutual diffusion coefficient. Appropriate boundary conditions are defined, the equations converted to dimensionless forms, and Eq. (120) could be rewritten as
Here, c p is the dimensionless polymer concentration, t is the dimensionless time, and l is the dimensionless length scale. This equation is a reasonable approximation to the equation for the dissolution of both glassy and rubbery polymers, and the only difference between dissolution of glassy and rubbery systems in the proposed model is the expected difference in the strength of the concentration dependence of the two cases. An exponential concentration dependence of the mutual diffusion coefficient is expressed as follows
Therefore, the strength of the concentration dependence can be characterized by a ratio, r; as follows
The concentration distribution in the liquid phase can thus be determined for the dissolution of the polymer. Dissolution curves are constructed by plotting the fraction of polymer which dissolves versus the square root of dimensionless time (Fig. 28) . The dissolution curves are linear in the early stages of dissolution. For r ¼ 1 and 10, the slopes of the curves decrease with increasing times, but for sufficiently high values of r; it becomes evident that there is an increase in the slopes before the dissolution curves eventfully flatten to the value of unity. As a result, it appears that the dissolution curves assume sigmoidal shapes for sufficiently high values of r: It was concluded that the dissolution process was only moderately sensitive to the strength of the concentration dependence of the mutual diffusion coefficient. The dimensionless time when the fraction dissolves is equal to 1/2, the half-time for dissolution.
Even though it is assumed that the dissolution process involves only one phase with no interfaces, it is possible to suppose that pseudointerfaces exist at certain dimensionless polymer concentrations.
Molecular theories in a continuum framework
Dissolution of a rubbery polymer
Narasimhan and Peppas [105] analyzed the dissolution mechanism of rubbery polymers by dividing the penetrant concentration field into three regimes that delineated three distinctly different transport processes (Fig. 29) . The first regime consists of the swollen rubber and is deemed the 'concentrated' regime. The existence of a diffusion boundary layer adjacent to the rubber -liquid interface, S; is defined as the 'semidilute' regime. The 'dilute' regime is defined when the polymer is fully dissolved and the disentangled chains move freely in the solvent, exhibiting Brownian motion.
Because the solvent transport through rubbery polymers is generally known to be Fickian, the solvent penetration is presented as ›f s =›t ¼ ›=›xðD ›f s =›xÞ ð 125Þ
Appropriate boundary conditions are defined.
As the macromolecules disentangle, they move out of the gel-like phase to a liquid solution through a diffusion boundary layer of thickness, d; which is assumed to be constant. The chain transport through this boundary layer is described as
This equation is valid in the region between x ¼ S and x ¼ S þ d; and the initial boundary conditions are At the end of the boundary layer, the conventional boundary condition is
The boundary condition on the solvent side of the rubber-liquid interface is written by considering that a polymer chain requires a minimum time to disentangle and move out of the gel. This minimum time is the reptation time, t rep : Hence, the disentanglement rate is zero until a time equal to the reptation time elapses:
After the reptation time is complete, the transport of the chains at the rubber-liquid interface may be disentanglement-limited or diffusion-limited. The rate of diffusion is sufficiently high at times just greater than t rep ; so the flux is disentanglement-limited. Therefore, the boundary condition was written as
The polymer concentration in the boundary layer eventually reaches an equilibrium value, f p;eq ; and the diffusion rate becomes insufficient to transport the chains, at which point this polymer concentration is maintained. It was proposed that an equilibrium exists between the polymer-rich gel and the polymer-lean solvent in the diffusion boundary layer, and the boundary condition becomes
As the solvent swells the polymer, the rubberliquid interface S moves and this is expressed as
It is shown that there exists a critical solvent concentration f s;c ; at which the diffusivity of the system changes as follows
where
and D s;0 is the diffusivity of the solvent in a glassy polymer and D p is a 'reptation' diffusion coefficient. It is postulated that for a dissolving polymer, the disentanglement rate, k d ; is the ratio of the radius of gyration r g ; to the reptation time, t rep :
This assumption is made based on previous work [98, 102] showing that a polymer requires a time equivalent to its reptation time to disentangle and that the distance that the chain travels during that time can be approximated by its radius of gyration.
The model was tested and typical profiles for the solvent volume fraction as a function of position and time in the rubber and the polymer volume fraction in the diffusion boundary layer are shown in Figs. 30 and 31. Other features of the simulation are the prediction of the temporal evolution of the rubbersolvent interface and the mass fraction of the polymer dissolved as a function of time (Figs. 32 and 33) . The simulations showed that the dissolution is either disentanglement-or diffusion-controlled depending on the polymer molecular weight and the thickness of the diffusion boundary layer.
Dissolution of a glassy polymer
Narasimhan and Peppas [106] extended their previous dissolution model for rubbery polymers [105] to interpret glassy polymers. Much of the theory and assumptions in this model are the same as that of the rubbery polymers, however, the concentrated regime consists of the region of polymer that has undergone a glass-to-rubber transition due to solvent penetration.
The solvent flux is expressed as a sum of contributions from diffusive and osmotic pressure terms as follows:
where v s is the velocity of the solvent in the x direction, V s;s is the specific volume of the solvent, x sp is the solvent -polymer interaction parameter, and p is osmotic pressure, which depends upon the 
where h is viscosity, and E is the spring modulus. A mathematical simulation of the model was tested using a system consisting of PS dissolving in MEK. Fig. 34 shows the solvent volume fraction in the polymer as a function of time and position. The position of the interfaces R and S as a function of time are shown in Fig. 35 . Integrating the concentration profiles, the mass fraction of polymer dissolved as a function of time was obtained (Fig. 36) . Upon increasing the polymer molecular weight, the dissolution became disentanglement-controlled, but decreasing the diffusion boundary layer thickness shifted the dissolution mechanism to diffusioncontrolled.
Molecular model for drug release I
Narasimhan and Peppas modified the phenomenological drug delivery model developed by Harland et al. [34] by applying their models [105, 106] and incorporating the macromolecular chain disentanglement. A three-component system is considered, with water as component 1, the polymer as component 2, and the drug component 3. The model considers the two moving boundaries, R and S; previously discussed in their models for rubbery and glassy polymer dissolutions. Quasiequilibrium conditions at the rubbery -solvent interface enable the use of the Flory -Rehneer theory [106] to calculate the water and drug volume fractions at this interface. The variation of the gel layer thickness ðS -RÞ with time is obtained as
and an expression for the fraction of the drug released is derived as
where l is the half-thickness of the polymer, f sc and f dc are characteristic concentrations of solvent and drug, respectively, f s;eq and f d;eq are equilibrium concentrations of solvent and drug, respectively, k d is the disentanglement rate of the polymer chains. Fig. 37 shows the predicted normalized gel layer thickness as a function of normalized time for different values of A C =B C : As A C =B C approaches zero, the gel layer thickness profile becomes flat (disentanglement-controlled) while for higher values of A C =B C ; then it increases with time (diffusioncontrolled). Model predictions were compared with experimental results [93, 107] and were in good agreement. 
Molecular model for drug release II
Ju et al. [108 -110] proposed a mathematical model of drug release from hydrophilic matrices based on the diffusion layer and a polymer disentanglement concentration, r p;dis ; which is defined as the concentration below which the chains detach from the matrix and diffuse through the diffusion layer into the bulk solution and scaled as r p;dis , M
20:8 ð145Þ
The mathematical description of the transport accounts for swelling/dissolution in the radial direction and also derives 'universal' scaling relationships for the fraction release of both polymer and drug with respect to the polymer molecular weight, M: A weaker molecular weight dependence for the drug is predicted, and, for very large values of M; both fractional release profiles approach limiting values. These results agree well with experimental data on fractional release of HPMC and adinazolam mesylate form HPMC matrices of various molecular weights.
Ju et al. also developed a model for the diffusion coefficients of disentangled HPMC chains in the diffusion layer adjacent to the matrix [110] . They showed that the effective diffusion coefficient scales with M as which is very close to the result that they derived.
Techniques used to study polymer dissolution
Various experimental techniques have been utilized to characterize polymer dissolution behavior. Some of these techniques include differential refractometry, optical microscopy, fluorescence, gravimetry, interferometry, NMR, and FT-IR imaging. This section describes these techniques and how they are used to monitor polymer dissolution. The advantages and disadvantages of the methods are also be discussed.
Differential refractometry
One of the earliest techniques used to study polymer dissolution was refractometry [12] . The basis of this technique is that during the dissolution process, the polymer concentration increases continuously in the solvent, and this concentration can be measured by the refractive index. While this technique provides some measurements of the dissolution process and detects small changes in polymer concentration in the solvent phase, no information can be obtained about the surface layer of the polymer pellet. Also, when a relatively small amount of polymer is being dissolved in very large quantities of solvent, this method is less satisfactory than when larger quantities of polymer are being dissolved.
Optical microscopy
Optical microscopy allows direct visual observation of the dissolution process and the formation of a gel layer. Therefore, it provides information about the structures of the different layers (solvent, gel, and polymer layers) formed, which can govern the dissolution process. The apparatus used consists of a microscope and a sample cell composed of a slice of polymer pellet encapsulated in a matrix inert to the solvent, which is then sandwiched between two glass slides (Fig. 38) . In cases where both the solvent and the polymer are transparent, it is necessary to use either a dye in the solvent or carbon black in the polymer to track both the penetration of the solvent into the polymer matrix and the dissolution of the swollen polymer in the solvent.
Ouano and Carothers [25] used critical angle illumination microscopy to study in situ dissolution dynamics. They designed an apparatus similar to that of Ueberreiter's, but made major modifications in the sample cell and the optical design which eliminated the need for dye or carbon black tracer. Good contrast between the different layers of the dissolving polymer could be achieved by changing the angle of illumination of the sample, relative to that of the microscope objective. The optimum angle of illumination depended on the refractive indices of both the solvent and the polymer. The sample cell mount was altered to allow greater precision in measuring the motions of the boundaries of the different layers, and the cell design changed to improve flow rate control. With these modifications, direct observations and quantitative measurements became possible.
The use of optical microscopy has provided valuable insight into the behavior of polymers in contact with solvents, but it is limited to a micrometer scale. Additionally, there is limited chemical specificity with an optical microscopic system.
Interferometry
Interferometry has been used to monitor polymer dissolution. The polymer material is placed between two mirror slides. From the number of interference lines produced by a beam of monochromatic light which passes through the swollen layer normal to the surface, the concentration gradient within the surface layer can be calculated and the velocity of penetration deduced by observing the position of the retracting front of the polymer at successive times on a micrometer scale.
Laser interferometry is a popular method of dissolution rate measurements by the microelectronics industry. It can also provide quantitative information on the thickness of the transition layer between the dissolving polymer and liquid solvent. Rodriguez and co-workers [15, 16, 18, 30, 31] studied polymer dissolution for microlithography applications extensively. The basic apparatus is shown in Fig. 39 . A substrate with a very thin (0.5 -1.5 mm) polymer film is suspended in a transparent cylindrical container filled with a selected liquid. A beam of unpolarized light of wavelength 6328 Å from a 2 mW He -Ne laser is directed obliquely at the filmcoated substrate, and the angle of incidence is typically 108. The reflected beam is collected by a silicon photocell and the recorded signal represents the reflected intensity as a function of time. Reflected light from the substrate -film and film -solvent interfaces produces a pattern of constructive and destructive interference. The periodicity of the interference can then be related to the absolute film thickness at any given time. An advantage of this technique is the ability to delineate the distinct regions with the surface layer of the dissolving polymer. However, there are some disadvantages. First, only transparent films can be monitored. Second, it does not provide direct detailed information about the shape of the concentration profile in the transition layer. Also, problems can occur when the film has a non-uniform surface. This causes light to be scattered, resulting is noisy data that is difficult to interpret. 
Ellipsometry
Ellipsometry is another optical tool used to study polymer dissolution. The basics of ellipsometric measurements were explained by Papanu et al. [112] with the aid of Fig. 40 . A light beam incident on a film-covered substrate undergoes reflection and refraction at each interface, leading to the multiple reflections depicted in the figure. The resultant beam is the infinite summation of these multiple reflections. The electric fields of the incident and reflected light beams are described by the complex amplitude E i and E r : These components can be resolved into two components parallel (k) and perpendicular (') to the plane of incidence, where the plane of incidence is defined by the incident and reflected beams. The overall reflection coefficients are defined as The two parameters D and c relate to the relative phase and amplitude change upon reflection, respectively, and can be used to determine thickness and refractive index of the film and vice versa.
Papanu et al. [19 -21,31,112] have used this technique with good results. A schematic of a rotating-analyzer ellipsometer is shown in Fig. 41 . Papanu et al. monitored dissolution in situ with a psimeter, a single-element rotating-polarizer ellipsomenter in which an incident laser beam is polarization modulated and the intensity fluctuation of the reflected light is measured. The ratio of the AC and DC components of the reflected intensity is related to the optical parameter psi c by AC/DC ¼ 2cos 2c: To determine film thickness as a function of time, calculated values of c or AC/DC are compared to experimental data. This is produced using an ellipsometry software program [113] which gives theoretical values of c vs. thickness when the wavelength, angle of incidence, and refractive indexes of the substrate, film and immersion medium are known. Ellipsometry can be used to distinguish between swelling and dissolution, to measure swelling and dissolution rates, differentiate Fickian and Case II diffusion mechanisms, and determine the extent of swelling at equilibrium. Some disadvantages of this technique are that an a priori knowledge of the refractive index of the material is necessary, precision can be limited by detector instability, and accuracy can be limited by uncertainties in analyzer azimuth and angle of incidence.
Limm et al. [114] modified the interferometric technique and studied the dissolution of fluorescence labeled polymer films. In this method, the polymer is labeled with a small amount of fluorescent dye whose fluorescence is quenched by the solvent used to dissolve the film. When the film is exposed to solvent, fluorescence from the dye decreases with time. Loss of fluorescence is due to two effects: (1) diffusion of the solvent molecules into the film which leads to fluorescence quenching and (2) dissolution of the polymer. By monitoring the intensity of fluorescence from the film along with the interferometric signal, the solvent penetration rate into the film and the film dissolution rate are measured simultaneously. Fluorescence intensities are measured with a spectrometer. A schematic of the optical arrangement of a spectrometer is seen in Fig. 42 .
Steady-state fluorescence
Pekcan et al. [17, 23, 24, 115] used a steady-state fluorescence (SSF) technique to study dissolution of dissolution and swelling of polymer films in real time. Swelling experiments were carried out by illuminating only the polymer film, so that unquenched pyrene molecules were monitored in real time. Dissolution experiments were designed so that pyrene molecules, desorbing from swollen gel, were detected in real time monitoring of SSF intensity. In order to do this, direct illumination of the film sample was avoided. Measurements of energy transfer during dissolution experiments were performed with a specrofluorimeter, and fluorescence emission intensity was monitored. This technique gave information about effects of stirring, annealing, temperature, polymer molecular weight and solvent quality as well as the second and last steps of polymer dissolution. Diffusion coefficients and relaxation constants of polymer chains were also measured.
Gravimetry
An alternative to optical techniques is the measurement of film mass during dissolution. This can be accomplished with the use of a piezoelectric quartz crystals, which are fabricated to posses a known oscillation frequency at room temperature. Dissolution measurements can be made using a quartz crystal microbalance (QCM) (Fig. 43) . Deposition of a polymer films on a quartz crystal causes it to resonate at a lower frequency than the base frequency of the uncoated crystal. As the film dissolves and the mass decreases, the frequency will rise until the base frequency of the crystal is reached. The change in frequency can then be subsequently correlated with the film thickness through density, substrate area and instrument parameters [116] . The main advantage of this system is that highly accurate frequency measurements can be made. In addition, if surface roughening occurs the quality of the rate data obtained is not compromised as would be the case for an optical technique. However, a disadvantage is that variable viscoelastic properties that polymers exhibit can cause a distortion of the measured oscillation frequency and an inaccurate thickness determination.
Nuclear magnetic resonance (NMR)
Devotta et al. [86] utilized an in situ NMR technique to study dissolution. They showed that NMR was a valuable tool to monitor the molecular level events that take place during the swelling and dissolution of macromolecules. Local molecular changes of environments yield changes in NMR spectral and relaxation behavior. Dynamical events can be followed by simple line width measurements [117] . The temporal response can be carried out in situ, and this is shown to be related to the microscopic behavior of the chain in response to the macroscopic perturbation (by solvent) through the enhanced molecular mobilities that extend to narrow the otherwise broad proton resonance line. Devotta et al. used the change in the proton line width as a direct measure of the local mobility in a swelling -dissolving system, since this change emits from a spatial averaging of local spin interactions by polymer motions.
Devotta et al. [86] also measured the integrated proton signal area as a function of time to examine the time variation of the population of the dissolved polymeric molecules in the swelling -dissolving polymer. The rationale behind this method was that at temperatures below the glass transition temperature, in the absence of any solvent, the mobility of the polymer is restricted, resulting in a broad proton resonance line. However, as the solvent penetrates into the polymer matrix, the polymer swells and the chains disengage from the swollen surface. The local mobility of the polymer segments in the solvent phase increases appreciably, resulting in the observation of narrower proton signals. Therefore, a direct linear relationship should exist between the integrated signal area and the population of the dissolved polymer in the NMR intensity measurement.
Spin echo NMR has also been applied [32, 99] . As the T 1 values decrease when the molecular motion becomes faster or when the correlation time decreases. Therefore, the duration of the gradient pulses can be changed sequentially and the spin-echo intensity recorded.
NMR imaging offers a convenient way to obtain both qualitative and quantitative data about the dissolution of macromolecules. By systematically increasing the evolution time and the detection period, a two-dimensional signal is obtained that, when put through a Fourier Transform operation, yields a twodimensional image replete with spectral data [118] . There are several advantages to this technique [119] . First, it is non-invasive, and it is possible to conduct experiments in situ, depending on the system under study. Also, several chemical-selective techniques exist such that specific species in a system can be selectively imaged. Lastly, the liquid distribution in any region of a system can be spatially resolves, and the technique is not limited by sample geometry. However limitations do exist. For example, the spinspin ðT 2 Þ and spin -lattice ðT 1 Þ relaxation processes that characterize the return of the spin system to equilibrium following perturbation by radio frequency pulse, can cause attenuation of the NMR signal. To avoid the attenuation of signal intensity by NMR relaxation contrast, Weisenberger and Koenig [118] specified three requirements for the accurate use of NMR imaging of liquids in polymer when using spin-echo imaging techniques as follows: (1) the echo time of the experiment must be less than 10% of the shortest T 2 of the system, (2) the recycle time of the experiment must be at least five times longer than the longest T 1 of the system, and (3) the experiment time must be less than the time of the inverse of the front velocity.
FT-IR imaging
Koenig et al. have extensively researched polymer dissolution with FT-IR imaging [120 -129] . By coupling a step-scan interferometer with an FT-IR spectrometer and a focal plane array (FPA) detector, spatial and spectral information may be collected simultaneously (Fig. 44) . The ability of FT-IR to measure the behavior of multiple components within a system simultaneously, when coupled with the spatial resolution of an FPA provides a unique opportunity for observing the dissolution process. With this experimental setup, the behavior of multiple components diffusing into a polymer matrix may be observed. The behavior of binary solutions diffusing into a polymer has been characterized [121 -124, Fig . 44 . Schematic of FT-IR imaging set-up. 126 -128] . A single experiment yields data on all components in the system, allowing for real-time analysis of both the dissolution process and the behavior of each component within the system.
To measure dissolution, a spectral profile may be taken across the sample, noting the intensity of polymer-or solvent-specific bands across the interface. From these profiles, the behavior of the system may be characterized quickly and easily. The spatial resolution of these images is about 6 mm. Because no apertures are used, the diffraction effects that usually affect resolution do not come into play using this method.
Conclusions
Polymer dissolution in solvents has been long recognized as an important phenomenon in field ranging form microlithography to tissue engineering. The dissolution of a polymer into a solvent involves two transport processes, namely solvent diffusion and chain disentanglement. Several models have been proposed in effort to understand the physics of the dissolution mechanism of glassy polymers. The approaches to model dissolution of amorphous polymers can be categorized as: (1) phenomenological, (2) external mass transfer, (3) stress relaxation and molecular theories, (4) anomalous transport models and scaling laws, and (5) molecular theories in a continuum framework. These various approaches have incorporated phenomena such as stress relaxation, polymer viscoelasticity, chain disentanglement, anomalous transport of solvent, chain reptation, and external mass transfer limitations. In addition, various experimental techniques have been utilized to characterize polymer dissolution behavior and establish a number of physical phenomena and molecular properties of solvent and polymer. Some of these techniques are differential refractometry, optical microscopy, fluorescence, gravimetry, interferometry, NMR, and FT-IR imaging. While the research on polymer dissolution is vast, extended understanding of polymer dissolution is necessary to facilitate the ever rapid changing technology for which polymer dissolution is applicable.
